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ABSTRACT
COASTAL GROUNDWATER CATCHMENTS OF THE GULF OF ALASKA
SEPTEMBER 2021
AEON A. RUSSO, B.S., B.S., APPALACHIAN STATE UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS, AMHERST
Directed by: Professor David F. Boutt
High latitude mountain environments are experiencing disproportionately adverse
effects in a currently changing climate. The Gulf of Alaska (GoA) region is an exemplar of
this. Dramatic shifts are occurring in the region’s freshwater reservoirs as glaciers retreat
more with each passing year. Research in the region places much focus on observing and
predicting climate driven shifts in glacier mass balance, surface discharge, and associated
nutrient fluxes to the ocean. On the other hand, coastal groundwater discharge (CGD) is
given very little attention. Global and near-global estimates of CGD indicate variable results
spanning an order of magnitude. Focusing on regionally speciﬁc processes may provide more
reliable estimates of CGD and allow isolation of CGD hotspots. This is of particular
importance in the GoA region where complex topography, geology, and climate are coupled
with recharge derived from rain, snow, and ice. I estimate CGD to the GoA with a water
balance that integrates high temporal and spatial resolution recharge inputs and distinguishes
between high conductivity surﬁcial deposit and bedrock catchments. I ﬁnd that CGD
contributes nearly 3% of the total freshwater ﬂux to the GoA, equivalent to a mean annual
ﬂux of 20.8 km3, and that CGD has been increasing by 0.5%/year over the past 4 decades.
Although freshwater discharge to the GOA is well-constrained, the importance of fresh CGD
to the GoA has, thus far, been overlooked.

vi

TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS ...................................................................................................v
ABSTRACT....................................................................................................................... vi
LIST OF TABLES ........................................................................................................... viii
LIST OF FIGURES ........................................................................................................... ix
INTRODUCTION ...............................................................................................................1
1.1 Introduction ........................................................................................................1
1.2 Study Area .........................................................................................................8
1.2.1 Site Description and Scope .................................................................8
1.2.2 Regional Climate ..............................................................................11
1.2.3 Geologic, Glacial, and Tectonic Setting ...........................................12
1.3 Purpose and General Approach .......................................................................14
1.4 Thesis Organization .........................................................................................14
CONTRIBUTION OF FRESH COASTAL GROUNDWATER DISCHARGE TO THE
GULF OF ALASKA ..........................................................................................................15
2.1 Introduction ......................................................................................................15
2.2 Data and Methods ............................................................................................18
2.2.1 Modeled Input Data ..........................................................................18
2.2.2 Spatial Input Data and Manipulation ................................................20
2.2.3 Calculating Historical CGD ..............................................................23
2.3 Results and Discussion ....................................................................................24
2.4 Conclusions ......................................................................................................30
AQUIFER GEOMETRIES AND HYDROFACIES OF COASTAL CATCHMENTS IN
KACHEMAK BAY, AK ...................................................................................................32
3.1 Estimating Surficial Aquifer Thickness Using Artificial Neural
Networks ..........................................................................................................32
3.1.1 Introduction .......................................................................................32
3.1.2 Methods and Results .........................................................................34
3.2 A Depositional Model for Various Morphological Settings in
Kachemak Bay .................................................................................................38
APPENDICES ...................................................................................................................43
MASS COASTAL CATCHMENT DELINEATION AT A REGIONAL SCALE ..........44

vii

BIBLIOGRAPHY ..............................................................................................................48

LIST OF TABLES
Table

Page

1.

Discharge and landscape characteristics of coastal catchment subregions ............26

2.

Hydraulic conductivity values for various pro-glacial depositional facies ............41

viii

LIST OF FIGURES
1.

A conceptual illustration of the components of submarine groundwater
discharge………………………………………………………………..…3

2.

A complete graphical depiction of freshwater and nutrient cycling in glacierized
coastal mountain environments modified from O’Neel et al. (2015) to
include coastal groundwater processes. Submarine groundwater discharge
components are separated into marine-derived (red arrows) and
terrestrially derived (blue arrows). Forcing mechanisms of SGD are
annotated with numbers. Process 1 is dispersion across the saltwaterfreshwater interface, resulting in density-driven circulation. Process 2 is
intertidal re-circulation driven by tides and wave set-up. Process 3 is fresh,
terrestrial groundwater driven by hydraulic gradient discharging below sea
level. Process 4 indicates groundwater discharging near the shore, but
above sea level…………………………………………………………….6

3.

Map of the Gulf of Alaska region…………………………………………………9

4.

Map of Kachemak Bay, Alaska. Kachemak Bay is annotated with a red star in the
inset map. Study watersheds are outlined in brown……………………...10

5.

A graphical depiction of coastal catchment geology, geometry, and freshwater
dynamics in the Gulf of Alaska margin. (a) Representative example of the
regional coastline. Watersheds draining to streams are shaded to expose
the coastal catchments that remain. Undivided Quaternary deposits are
shown in beige. A hillshade model generated from LiDAR DEM (Takaku
et al., 2014) represents undivided bedrock geology (Wilson & Labay,
2016); (b) conceptual model of groundwater recharge, flow, and discharge
along geologic cross section from mountains to sea; (c) schematic plane
view (inset above) of water flow driven by localized coastal catchment
geology…………………………………………………………….……..21

6.

Map of the study domain separated into five geographic subregions within the
Gulf of Alaska drainage basin. Glacier cover (Pfeffer et al., 2014),
hillshaded topography, and major streams are provided………………...23

7.

Map of mean annual coastal groundwater discharge along the Gulf of Alaska
coastline. Coastal catchment discharge and area are plotted as a function
of longitude along the top of the map. Inset maps correspond to the
subregions with the lowest (left) and highest (right) specific discharge...25

8.

Climate controls and multidecadal trends in yearly modeled freshwater discharge

ix

and coastal groundwater discharge. (a) Yearly totals of modeled
freshwater discharge (Beamer et al., 2016) summed by water year (Sept.
1st-Aug. 31st). A Thiel-Sen slope estimator is plotted to display the
positive correlation exhibited during the time period of study (Sen, 1968);
(b) yearly totals of fresh coastal groundwater discharge (CGD) summed by
water year and plotted with a Thiel-Sen slope estimator to show the
substantial increase over the 35-year period; (c) CGD flux broken down
by subregions within the Gulf of Alaska. Subregions, ordered from west to
east, are Kodiak Island/Shelikof (KIS), Cook Inlet (CI), Prince William
Sound (PWS), Central Coast (CC), and Southeast (SE)…………………27
9.

Plot showing the distribution of coastal groundwater discharge by coastal
catchment area ordered from smallest to largest. Line segment colors
correspond to a 5 km2 range of contributing recharge area, normalized by
the total area of coastal catchments (10,625 km2), plotted against
cumulative sum of discharge volume, normalized by the total coastal
groundwater discharge volume. Solid horizontal grey lines separate the
grouped catchments to distinguish relative contributions………………..29

10.

Location map of the Wosnesenski watershed……………………………………34

11.

(a) Surficial geology of the Wosnesenski Watershed and adjacent coastal
catchments. Locations of cross-sectional profiles are given as numbered
black lines (b) cross-sectional profiles of the Wosnesenski Watershed used
to connect the slopes of opposing hills and estimate maximum bedrock
depths underlying the valley fill…………………………………….…...35

12.

(a) Sediment thickness map of the Wosnesenski watershed generated using an
artificial neural network (b) sediment thickness map corrected for a
artifacts that occur near the ocean boundary………………………..……37

13.

3D geometry of the Wosnesenski watershed generated from the sediment
thickness map in ArcScene………………………………………………38

14.

Depositional model describing likely hydrofacies of three morphological
environments……………………………………………………………..41

x

CHAPTER 1
INTRODUCTION
1.1 Introduction
Mountain belts at high latitudes harbor critical environments and ecosystems that
provide unique resources to both local and global communities (Bunn et al., 2007;
O’Neel et al., 2015). These environments contain large reserves of freshwater and hold
substantial influence over the global-scale processes (Chiang and Bitz, 2005). High
latitude mountains are currently experiencing rapid, widespread alterations with a
changing climate (IPCC, 2019; Arp et al., 2020). This recent physical and ecological
change is particularly pronounced in the Gulf of Alaska (GoA) region (Arendt et al.,
2009; O’Neel et al., 2015; Arimitsu et al., 2016; Arp et al., 2020). The low-altitude,
coastal glaciers of the GoA are retreating more rapidly than anywhere else on the planet,
effectuating quick adjustments in the seasonality and volume of runoff delivered to the
coast (Arendt et al., 2002; Beamer et al., 2017; Edwards et al., 2021). Research in the
region has primarily focused on shifts in glacier mass balance, freshwater and nutrient
flux (Arendt et al., 2009; Neal et al., 2010; O’Neel et al., 2015; Larsen et al., 2015;
Beamer et al., 2016), but very few studies are investigating how coastal aquifers will
respond to climate change and the associated landscape transformations.
Complex processes govern the transfer of water from the atmospheric and
cryospheric compartments of the water cycle to the ocean, with both groundwater and
stream discharge playing key roles. The magnitude and timing of the freshwater delivered
to the GoA is expected to alter even more drastically by the end of the century (Beamer et
al., 2017). While much focus has been applied to estimate regional freshwater discharge
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to the GoA, coastal groundwater dynamics have been given little attention. Coastal
aquifers are partiularly vulnerable to climatic shifts (Ferguson and Gleeson, 2012).
However, mountain groundwater dynamics may act as a temporary buffer against climate
change driven hydrologic alterations (Ó Dochartaigh et al., 2019; Somers et al., 2019;
Mackay et al., 2020).
The journey that water travels from land to sea not only aids in the delivery of
freshwater to the world’s oceans, but it is also essential to geochemical cycling (Beusen
et al., 2005, 2013; Schroth et al., 2011; Edwards et al., 2021). The majority of freshwater
enters the global oceans by the surface, but an often unseen, non-point pathway has
proven to be an important mechanism for nutrient transport as well (Mayfield et al.,
2021). Submarine groundwater discharge (SGD) describes the flux of water from the
porous media of the seafloor directly to the ocean below sea level, regardless of origin or
composition (Burnett et al., 2006). This implies that any water that travels this pathway,
whether it be meteoric groundwater or groundwater re-circulated via ocean processes,
contributes to the overall flux (Figure 1). Near-shore terrestrial groundwater discharge
(NGD) describes the discharge of meteoric groundwater near the ocean, but above sea
level. Both fresh SGD and NGD are driven by hydraulic gradient and are recharged by
precipitation and/or release from storage; combined they establish the total fresh coastal
groundwater discharge (CGD) for a given location. Other components of SGD include
density-driven recirculation that occurs at the seawater-freshwater interface (Croucher
and O’sullivan, 1995) and tide- and wave-induced circulation at intertidal beach faces
(Taniguchi et al., 2002); both avenues of SGD involve marine-derived groundwater
recharge.
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Figure 1. A conceptual illustration of the components of submarine groundwater
discharge.
Nutrient and solute flux from fresh SGD has equaled or exceeded those from
proximal surface discharge in previous studies and has recently gained support as critical
components to chemical cycling (Slomp and Van Cappellen, 2004; Kim et al., 2005;
Beck et al., 2013; Liu et al., 2014; Rahman et al., 2019; Mayfield et al., 2021). Higher
alkalinity observed in groundwater could make CGD an import buffer against ocean
acidification (Cyronak et al., 2013). Coastal margins offer a broad passageway for these
nutrients and solutes, as well as contaminants and pollutants, to enter the ocean (Sawyer
et al., 2016). Coastal aquifers in contact with seawater are also prone to the displacement
of fresh groundwater by saline groundwater, a process known as saltwater intrusion
(Croucher and O’sullivan, 1995). Density differences at this interface drive recirculation
within the subterranean estuary, contributing to the flux of water and solutes (Wood and
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Harrington, 2015). High fresh CGD rates may act to buffer saltwater intrusion and could
become a critical for coastal populations to utilize as the demand for freshwater resources
increases globally (Moosdorf and Oehler, 2017; Robinson et al., 2018). Quantifying the
nutrient and freshwater flux driven by both rivers and CGD is of great importance to
coastal water management, ecosystems, and fisheries, particularly in the GoA (O’Neel et
al., 2015; Sergeant et al., 2020). However, while surface waters are accessible to sample
and evaluate, it remains a challenge to quantitatively constrain the rate, timing, and
nutrient load of CGD as this flux varies significantly in both time and space.
Several processes govern the geochemical constituents of both groundwater and
surface water in coastal and mountainous regions. Chemical and physical weathering play
an essential role in stream and groundwater chemistry, and drive or buffer major climatic
shifts (Pourrier et al., 2014; Horan et al., 2017; Ó Dochartaigh et al., 2019). Glaciers may
amplify both of these weathering mechanisms (Koppes and Montgomery, 2009; Edwards
et al., 2021). Other processes include mineral dissolution (Moore, 1999; Charette and
Sholkovitz, 2006), carbonic acid and bicarbonate disassociation reactions (Chaillou et al.,
2014; Giesler et al., 2014), redox reactions (Hinzman et al., 2005; Kölling et al., 2019),
biologic activity (Knee and Paytan, 2012; Seidel et al., 2015), and land cover type (Ren et
al., 2019). Groundwater typically has a longer residence time, slower flow velocities, and
suboxic conditions, weathering processes amplify and, in turn, make CGD an important
nutrient source to the GoA (Lecher et al., 2016). Numerous studies have estimated the
implications of climate-driven changes to the hydrologic cycle in glacierized
environments (Milner et al.; Neal et al., 2010; Beamer et al., 2017). However, greater
characterization of the timing, duration, and magnitude of mass flux are needed to further
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assess the impact climate change will have on coastal margin biological communities
(O’Neel et al., 2015; Arimitsu et al., 2016; Lecher and Mackey, 2018). What kind of
shifts will occur in the chemical composition of freshwater as catchments shift from
glacial to non-glacial? This information is especially vital for the GoA, where ~10% of
the planet’s glaciers are retreating faster than anywhere else on Earth (Arendt et al.,
2002). Will this increase in glacier volume loss effect the nutrient and sediment load
delivered to the coast? How will shifting the dominant precipitation from snow to rain
effect this flux? Will this result in enhanced CGD? Will CGD act to buffer a decrease in
solute and freshwater delivery to coastal ecosystems via rivers?
Working in a system that is both mountainous and proglacial provides additional
complexities to coastal groundwater processes (Figure 2). Resources provided from
mountain water are critical for the downstream ecological communities (O’Neel et al.,
2015). Mountains are known to receive enhanced precipitation, decreased
evapotranspiration, and contain large reservoirs of ice and snow, making them
disproportionately important to the hydrologic cycle (Neal et al., 2010; Beamer et al.,
2016; Somers and McKenzie, 2020). These mid to high altitude environments are also
more vulnerable to climate change, with groundwater levels expected to see an overall
decline as glaciers continue to lose volume (Mackay et al., 2020). In the North Slope of
Alaska, Arp et al. (2020) have already observed a shift from snow-dominated to raindominated flow regimes within the last two decades.
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Figure 2. A complete graphical depiction of freshwater and nutrient cycling in
glacierized coastal mountain environments modified from O’Neel et al. (2015) to
include coastal groundwater processes. Submarine groundwater discharge
components are separated into marine-derived (red arrows) and terrestrially
derived (blue arrows). Forcing mechanisms of SGD are annotated with numbers.
Process 1 is dispersion across the saltwater-freshwater interface, resulting in
density-driven circulation. Process 2 is intertidal re-circulation driven by tides and
wave set-up. Process 3 is fresh, terrestrial groundwater driven by hydraulic
gradient discharging below sea level. Process 4 indicates groundwater discharging
near the shore, but above sea level.
Temperate, coastal regions that lie on active tectonic margins also supply a large
quantity of sediment to the world’s oceans. In fact, the GoA is considered the largest sink
of terrigenous material in North America (Jaeger et al., 1998). Coarse hydrostratigraphic
units like colluvium, lateral and medial moraines, alluvial fans, outwash plains and
deltaic deposits provide important reservoirs and efficient flowpaths for mountain
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groundwater (Mackay et al., 2020). The input to streamflow and CGD from these
surficial units are coupled with the complex bedrock geology of mountain belts, with
shallow, weathered, and deep fracture network bedrock, all possessing spatially and
temporally variable importance (Somers and McKenzie, 2020). Macdonald et al. (2016)
estimate groundwater composition of a meltwater stream consistently attributing 15-20%
of streamflow throughout the seasons. Alternatively, Mackay et al. (2020) estimated a
meltwater river to contribute 13-17% of total aquifer recharge in a proglacial
groundwater catchment. In Alaska, Liljedahl et al. (2017) have observed a proglacial
stream to lose potentially half of its annual flow to groundwater. Concentrated infiltration
has also been observed as an important agent of groundwater recharge amidst losing
reaches of a stream (O’ Dochartaigh et al., 2019; Somers and McKenzie, 2020; Mackay
et al., 2020). Proglacial outwash plains can form thick, highly conductive surficial
aquifers, but are rarely considered when measuring or estimating the total freshwater flux
of a watershed (O’ Dochartaigh et al., 2019). Due to the transient nature of material in
proglacial environments, glacial outwash plains typically exhibit decreased vegetative
cover and are affected by strong convective winds, increasing the freshwater flux by
further decreasing potential evapotranspiration (Robinson et al., 2008). The overall
contribution of groundwater to streamflow and CGD remains elusive due to catchment
variations in geology, area of contribution, scale, and topography.
Previous studies have explored coastal groundwater processes involving reactive
transport (Kim et al., 2017), complex geologic heterogeneity (Michael et al., 2016), tidal
and wave driven recirculation (Kuan et al., 2012; Luo and Jiao, 2016), seasonality (Heiss
and Michael, 2014), storm overwash (Anderson Jr., 2002), and climate-induced sea-level
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change (Gonneea et al., 2013). Numerical simulations and water balance methods have
also been applied from local to global scales (Sawyer et al., 2016; Zhou et al., 2019;
Luijendijk et al., 2020). Regarding CGD, however, few studies have quantified this flux
at high latitudes, much less within the GoA. CGD has only recently gained recognition as
an important source of nutrients to the coast over the last couple of decades, leaving
substantial gaps in data coverage globally. Both local and global estimates of fresh CGD
contribution to freshwater are highly variable, typically ranging from about 1-10% of
river discharge to the ocean (Taniguchi et al., 2019), but as low as 0.6% and as high as
88% of river discharge (Wang et al., 2015; Luijendijk et al., 2020). Studies that look at
the combined magnitudes of fresh SGD and recirculated SGD using radioactive isotopes
may observe rates up to 8.6 times of that driven by surface runoff (Wang et al., 2015;
Taniguchi et al., 2019). Global and near global estimates tend to provide consistently
lower values than localized studies (Zhou et al., 2019; Luijendijk et al., 2020). Zhou et al.
(2019) estimate that high latitude, active margins have fresh SGD rates higher than that
of the global average. Do high latitude environments share the trend of enhanced nutrient
fluxes from SGD seen at lower latitudes? High topographic relief in the area facilitate
hydraulic gradients that push nutrients efficiently to the coastline. Extreme tidal
oscillations (>5 meters) within the GOA may also prove to be the most powerful driver of
geochemical processes in the region.

1.2 Study Area
1.2.1 Site Description and Scope
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Due to the influence of spatial scale on coastal groundwater processes, this study
ranges from regional to watershed in terms of scope. Fresh CGD contribution will be
examined over the entire Gulf of Alaska in Chapter 2 (Figure 3). Kachemak Bay, located
in the lower Cook Inlet of southcentral Alaska, will be the focus when establishing
aquifer geometries and likely depositional facies in Chapter 3 (Figure 4). Kachemak Bay
is surrounded by a region of coastal mountains and displays a variety of unconsolidated
surficial geologic units to observe end-member geologic controls on groundwater flow.

Figure 3. Map of the Gulf of Alaska region.

Watersheds draining into Kachemak Bay display a glacier gradient from ~60% to 0% of
total catchment land cover. Similarly, percent of vegetation cover generally increases
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with decreasing glacier cover. The total contributing land area that feeds freshwater into
Kachemak Bay is 2385 km3, with 17 major streams. Glaciers currently cover 22.7% of
the contributing land area. This area provides an excellent opportunity to examine the
variations in groundwater contribution that are driven by diverse recharge sources and
geologic landscapes. High latitude, coastal aquifers located on active margins are also
relatively understudied. With a range of groundwater recharge sources, flux rates that
change seasonally, high topographic relief, extreme tidal oscillations, and highly
heterogeneous unconsolidated sediments, enhanced knowledge of the coastal
groundwater dynamics in the Gulf of Alaska are transferable to coastal mountain ranges
worldwide.

Figure 4. Map of Kachemak Bay, Alaska. Kachemak Bay is annotated with a red
star in the inset map. Study watersheds are outlined in brown.
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1.2.2 Regional Climate
The climate of the GoA is highly variable, ranging from mild pelagic conditions
at coastal margins to dryer and colder conditions in the interior (Glass, 1996), and
latitudes ranging from 51°N to 65°N. Precipitation is especially variable in the GoA as it
is affected by extremes in weather patterns, land cover, elevation, and wind (McAfee et
al., 2013). Most of the precipitation in the GoA consists of heavy rainfall during the late
summer and early fall that is replaced by snow from late fall into the spring. Average
annual precipitation ranges from 381 mm in the interior to 4,064 mm in the Southwest
Panhandle (Wendler and Shulski, 2007). Average annual snowfall ranges from 117 cm in
King Salmon to 724 cm in Valdez (Wendler and Shulski, 2007). Mean annual
precipitation in Homer, AK is around 635 mm, but can be as high as 5080 mm in the
mountains (Glass, 1996). Due to the GoA’s proximity to the coast, the area experiences
relatively warmer temperatures in the winter and cooler temperatures in the summer
when compared to the continental interior, with mean annual air temperature generally
above freezing. Average annual temperatures range from -4°C to 11°C from the Interior
to the Southeast Panhandle of the GoA, respectively (Wendler and Shulski, 2007).
Average highs during the warmest times of year range from 13°C to 21°C in July
following the summer solstice, while average lows during the coldest times of year are
around -9°C in January following the winter solstice, with temperatures generally below
freezing from November through March. Homer, AK, located along the shore of
Kachemak Bay, has a mean annual air temperature of around 3°C, with monthly means
ranging from -5°C to 12°C in January and July, respectively (Glass, 1996).
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1.2.3 Geologic, Glacial, and Tectonic Setting
The GoA is surrounded by a terrane that yields immense fossilized carbon
reserves; therefore, the geology of the area is extensively studied. Even so, the
complexity of this geologic setting is unrivaled. Eight mountain ranges formed from
multiple cycles between tectonism and sedimentation contribute to the freshwater and
nutrient delivery to the GoA (Fisher and Magoon, 1978). The western edge of the GoA is
home to numerous volcanoes outcropping from the lithosphere, actively spewing material
that originates from the Aleutian Trench, one of the deepest subduction trenches in the
world at over 8 km (Von Huene and Shor, Jr., 1969). Bedrock age ranges from early
Mesozoic to late Cenozoic and is generally composed of metamorphosed sedimentary
and volcanic rocks (Wilson et al., 2015). Poorly consolidated sediments accumulated
during the Tertiary and are exposed in low lying areas, with much of the surface now
covered by Quaternary deposits from extensive glaciation over the last 2 million years
(Fisher and Magoon, 1978; Schmoll et al., 1996). Major tectonic events may have
resulted in as much as 100 m of subsidence since the Last Glacial Maximum (LGM),
with up to 1-2 m of subsidence experienced from the 1964 Valdez earthquake alone
(Waller and Stanley, 1966). Deformation has been further enhanced by rapid isostatic
depression and rebound from multiple glaciations (Larsen et al., 2005). Geologic
mapping of the Kachemak Bay region has highlighted abundant brittle faults with
widespread, sub-horizontal shortening in the NW-SE direction (Bradley and Kusky,
1990).
Glaciers have periodically dominated the GoA landscape for much of the
Quaternary Period. Surficial deposits suggest that glaciations have affected the region as
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far back as 200 kya, highlighting at least five major glacial periods, while the majority of
surficial deposits are dominated by multiple retreats and advances since the Late
Wisconsinan glaciation (Schmoll et al., 1999). A rapid decline in global sea level began
around 32 cal ka BP, stabilizing at a low sea level of ~120 m below modern around 21
cal ka BP (Bloom et al., 1974; Alley et al., 2005). Peak glacial conditions were reached
prior to 20 kya, resulting in an isostatically depressed GoA (Mann and Peteet, 1994;
Reger et al., 1995; Clark and Mix, 2002). Equilibrium altitudes at this time were
depressed between 700m and 200m below modern values (Balascio et al., 2005). Retreat
from the Last Glacial Maximum (LGM) was underway by about 22 kya to 19 kya in
central and southern Alaska, with minimum ages of 19.4 ka to 14.8 ka suggesting that
deglaciation may have come later along the GoA rim (Briner and Kaufman, 2008). Ice
margins were at or behind their modern positions by the beginning of the Holocene, with
multiple retreats and readvances leading up to and occurring through the Holocene
(Calkin et al., 2001; Mann and Streveler, 2008). This coincided with a rapid sea level rise
globally from 13.7-14.2 cal ka BP (Bloom et al., 1974). Five major global cold events
were experienced during the Early to Middle Holocene (LaBrecque and Kaufman, 2016),
while warm periods forced ice positions up to 10 km east from the coast of Kachemak
Bay around 8400 BP (Wiles and Calkin, 1990). The Late Holocene glacial record has
been observed extensively throughout the GoA. Relative to their present positions, outlet
glaciers were expanding to a maxima around three major intervals of the Late Holocene:
~3600 BP, ~600 AD, and ~1850 AD (Barclay et al., 2009). Ice margins retreated to
behind their current positions between these events, and a neoglacial maxima occurred
during the Little Ice age, ~1800 AD. This most recent advance to near present-day
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position began after the Medieval Warm Period, ~540 AD (Wiles and Calkin, 1994). This
series of retreats and advances has been recorded in high resolution due to forest burial
on the western flanks of the Kenai Mountains adjacent to Kachemak Bay, with a
minimum date of 1835 AD for retreat from the Little Ice Age maxima (Barclay et al.,
2009).
1.3 Purpose and General Approach
This research focuses on surficial coastal groundwater catchments in the Gulf of
Alaska region. I initially intended to produce research based on data collected in the field.
The recent global Covid-19 pandemic required a redirection of research efforts, as access
to intended field locations and instrumentation were limited and this project shifted to
apply analyses and interpretations on existing datasets. Results provided herein are
intended to fill noticeable gaps in research concerning coastal groundwater dynamics in
the Gulf of Alaska region. The geospatial and quantitative analyses performed are
intended to provide foundational results that may inform the direction and focus of
current and future studies in the region.
1.4 Thesis Organization
This thesis is composed of three parts. In the first chapter, an introduction to
relevant processes concerning my graduate research is given, as well as an overview of
the study area and geologic setting. The second chapter comes directly from a manuscript
that has been submitted to Geophysical Research Letters and provides results from the
primary focus of my investigations. The final chapter includes preliminary results from
projects related to the focus of this research which may be built upon in future studies.
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CHAPTER 2
CONTRIBUTION OF FRESH COASTAL GROUNDWATER DISCHARGE
TO THE GULF OF ALASKA
2.1 Introduction
Mountain belts at high latitudes harbor critical environments and ecosystems
that provide unique resources to local and global communities (Bunn et al., 2007;
O’Neel et al., 2015). Large reserves of freshwater are stored within these distinct
settings, allowing them substantial influence over global-scale processes (Chiang and
Bitz, 2005). Unfortunately, high-latitude mountain ranges are experiencing
disproportionately enhanced physical and ecological changes in the current climate
regime (Bunn et al., 2007; O’Neel et al., 2015; Portner et al., 2019; Arp et al., 2020).
These changes are particularly pronounced in the Gulf of Alaska (GoA), where lowaltitude mountain glaciers along a coastal setting are especially vulnerable to shifts in
precipitation, temperature, and volume loss (Arendt et al., 2002, 2009; Gardner et al.,
2013; O’Neel et al., 2015; Arimitsu et al., 2016; Beamer et al., 2017). The coastal
glaciers of the GoA are retreating more rapidly than anywhere else on the planet,
effectuating quick adjustments in the seasonality and volume of runoff delivered to
the coast (Arendt et al., 2002; Gardner et al., 2013; Young et al., 2020; Edwards et al.,
2021). The magnitude and timing of the freshwater delivered to the GoA is expected
to alter even more drastically by the end of the century (Beamer et al., 2017).
Research in the region has primarily focused on shifts in glacier mass balance,
freshwater and nutrient flux (Arendt et al., 2009; Neal et al., 2010; O’Neel et al.,
2015; Larsen et al., 2015; Beamer et al., 2016), but studies investigating coastal
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unconfined aquifers response to climate change and associated landscape
transformations are severely limited.
The majority of freshwater enters the global oceans by the surface, but an
often unseen, non-point pathway has proven to be an important mechanism for
nutrient and solute transport as well (Mayfield et al., 2021). Submarine groundwater
discharge (SGD) describes the flux of water from the porous media of the seafloor
directly to the ocean below sea level, regardless of origin or composition (Burnett et
al., 2006). This implies that any water that travels this pathway, whether it be
meteoric groundwater or groundwater re-circulated via ocean processes, contributes to
the overall flux. Near-shore terrestrial groundwater discharge (NGD) describes the
discharge of meteoric groundwater near the ocean, but above sea level. Both fresh
SGD and NGD are driven by hydraulic gradient and are recharged by precipitation
and/or release from storage; combined they establish the total fresh coastal
groundwater discharge (CGD) for a given location. Research has highlighted the
importance of CGD on marine biota within the GoA (Lecher et al., 2016), although
estimates for the magnitude of this flux are sparse, even locally.
Understanding current and future biogeochemical and freshwater budgets
within the GoA is vital to mitigate and prepare for the present transformations of the
region’s terrestrial and marine systems (O’Neel et al., 2015). Although contributing
significantly less volumetrically, nutrient and solute flux from CGD has equaled or
exceeded those from proximal surface discharge in sites around the globe, gaining
recognition as a critical component to geochemical cycling (Slomp and Van
Cappellen, 2004; Kim et al., 2005; Beck et al., 2013; Liu et al., 2014; Rahman et al.,
2019; Mayfield et al., 2021). CGD has unveiled an influential role across marine biota
in a range of coastal ecosystems, with positive impacts observed on primary
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productivity, denitrification, pollutant attenuation, and fisheries (Lecher and Mackey,
2018; Santos et al., 2021). Nitrate and silicate fluxes associated with SGD in the GoA
are significant when compared to external nutrient sources (Lecher et al., 2016),
counteracting associated limitations in coastal waters (Santos et al., 2021). Higher
alkalinity observed in groundwater also makes CGD an important buffer against
ocean acidification (Cyronak et al., 2013). The coastal margins of the GoA offer an
extensive passageway for these nutrients and solutes to enter the ocean via CGD.
Groundwater likely plays a vital role in the robust marine ecosystems and wild
fisheries within the GoA, thus quantifying the nutrient and freshwater flux driven by
CGD is of great importance to coastal water management (O’Neel et al., 2015;
Sergeant et al., 2020). Coastal unconfined aquifers are also especially vulnerable to
the impacts of a warming planet (Ferguson and Gleeson, 2012), however, mountain
groundwater dynamics may act as a temporary buffer against hydrologic impacts
resulting from climate change (Ó Dochartaigh et al., 2019; Somers et al., 2019;
Mackay et al., 2020).
While surface waters are accessible to sample and evaluate, it remains a
challenge to constrain the rate and timing of CGD as this flux varies significantly in
time and space. This likely explains the absence of measurements or estimates for
CGD within the largely inaccessible, extreme locations of the GoA. Local, regional,
and global estimates of fresh CGD flux from sites around the world are highly
variable, typically ranging from about 1-10% of river discharge (Taniguchi et al.,
2019), but as low as 0.6% and as high as 88% (Wang et al., 2017; Luijendijk et al.,
2020). Global and near global estimates tend to provide consistently lower values than
localized studies (Zhou et al., 2019; Luijendijk et al., 2020). Zhou et al. (2019)
suggest that high latitude, active margins have fresh SGD rates approximately double
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that of the global average. Additionally, islands have been observed to have higher
groundwater discharge rates per unit area than continents (Hajati et al., 2019). If these
ideas are accurate, higher CGD rates are expected from the mountainous, high latitude
coast of the GoA that is occupied by an abundance of islands. Unfortunately, few
studies have estimated this flux in high latitude coastal mountain regions, much less
within the GoA. Further, CGD estimates have mainly been provided for relatively
short time periods or calculated as a long term mean. This limits our understanding of
how this flux is trending both locally and globally.
Here we provide the first regional estimate of CGD to the GoA and highlight
CGD hotspots throughout. Topographic data are combined with regional geology to
isolate small coastal catchments that do not contribute to a stream network, but rather
drain through the thick, highly permeable Quaternary sediments that line the GoA
coastal margin. We partition an existing high-resolution, long-term hydrologic model
that accounts for regionally specific processes that have not been considered in similar
lumped parameter, water balance approaches. We also present yearly variations in the
contribution of CGD to the GoA over the span of 35 years.

2.2 Data and Methods
2.2.1 Modeled Input Data
Several previous water balance approaches have approximated groundwater
recharge with coarse resolution (1°x 1°) global land surface models. This acts to
homogenize CGD flux over large spatial areas and assumes equal recharge despite
localized variations in surficial geology and recharge sources. We refine this approach
by using model results that consider regionally specific processes within the GoA.
This study adopts and decomposes a leading hydrologic runoff model of the GoA
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(GoA RM) that provides high spatial and temporal resolution (1 km x 1 km; daily
time step) discharge data for the entire domain (Beamer et al., 2016). We use model
results forced with the Climate Forecast System Reanalysis meteorological dataset
due to their favorable agreement with external validation data sets (Beamer et al.,
2016). The GoA RM uses a collection of physically based models that drive runoff to
14,052 discharge outlets. Meteorological forcings are interpolated to the resolution of
the elevation and land cover data (MicroMet; Liston and Elder, 2006), runoff from
rainfall and the full evolution of the snow water equivalent from snow and ice are
calculated (SnowModel; Liston and Elder, 2006b) along with actual
evapotranspiration, surface and base flow runoff (SoilBal, Beamer et al., 2016), and
runoff is routed from cell to cell, down-gradient (HydroFlow; Liston and Mernild,
2012).
Active coastal margins are proposed to supply the largest provenance of
terrigenous materials to the oceans globally, with the GoA being considered as the
greatest contributor of sediment to the Pacific from either North or South America
(Jaeger et al., 1998). Proglacial regions are characterized by thick sand and gravel
units featured as outwash plains or glaciofluvial channel deposits (Freeze and Cherry,
1979; Domenico and Schwartz, 1998), which can deposit facies that are hundreds of
meters thick and extend tens of kilometers laterally (Maizels, 1993). Hydraulic
conductivities of coarse proglacial deposits typically range from 5-300 m/day (Freeze
and Cherry, 1979; Heinz and Aigner, 2003; Bayer et al., 2011; King et al., 2019),
though field measurements can be much higher (Kostic et al., 2005). The GoA RM
lumps all freshwater discharging to the ocean together into a singular runoff term and
does not distinguish stream discharge from groundwater discharge. When the daily
discharge of a cell in the GoA RM is an order of magnitude lower than the saturated
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hydraulic conductivity of the surficial deposits, a more valid assumption is that all
water infiltrates the surface (Rawls et al., 1983), resulting in freshwater discharging to
the ocean as CGD. We apply this assumption to determine locations where the
freshwater flux is dominated by CGD.

2.2.2 Spatial Input Data and Manipulation
Here we describe coastal catchments as the land areas that remain after
watersheds draining to stream networks have been delineated (Figure 5). Following
extensive manual comparisons between 1:24,000-scale hydrography maps and
satellite imagery, we chose a contributing area threshold of 20 km2 to isolate coastal
catchments. Large watersheds containing streams likely contribute additionally to
CGD, but research in this subject is severely limited and impractical at the scale of
this study. Our threshold is similar to previous studies that used HydroSHEDS
(Lehner et al., 2008) to define coastal recharge areas for (Zhou et al., 2018, 2019), and
is smaller than the majority of thresholds applied to previous regional CGD estimates,
which can be as high as 81 km2 (Hajati et al., 2019). We use the USGS Hydro1K
North America digital elevation model (https://earthexplorer.gov/) to generate the
stream network, calculate the slope of the catchments, and delineate the coastline.
Discharge outlet points from the GoA RM are moved to the center of their
corresponding outlet cells.
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Figure 5. A graphical depiction of coastal catchment geology, geometry, and
freshwater dynamics in the Gulf of Alaska margin. (a) Representative example
of the regional coastline. Watersheds draining to streams are shaded to expose
the coastal catchments that remain. Undivided Quaternary deposits are shown
in beige. A hillshade model generated from LiDAR DEM (Takaku et al., 2014)
represents undivided bedrock geology (Wilson & Labay, 2016); (b) conceptual
model of groundwater recharge, flow, and discharge along geologic cross
section from mountains to sea; (c) schematic plane view (inset above) of water
flow driven by localized coastal catchment geology.

Coastal catchments are further extracted by surficial geology provided by the
USGS Geologic Map of Alaska (Wilson and Labay, 2016). For simplification, coastal
catchments that lie within bedrock are eliminated. Although CGD likely occurs in this
geologic setting, modeled recharge inputs greatly exceed infiltration capacities
resulting in flow dominated by surface runoff directly to the coast. An infiltration
capacity model would be required to estimate groundwater recharge in these bedrock
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catchments, which is computationally expensive and requires the application of
several simplifying assumptions (Green and Ampt, 1911). This study only considers
CGD flux through the highly conductive, pro-glacial material that surrounds the GoA.
By doing so, the total coastal catchment area is greatly reduced. This assumption
allows us to simply partition an existing hydrologic model to provide a lower endmember estimate of CGD through coastal unconfined aquifers. Recharge for the
coastal catchments is sourced from diffuse rainfall and snow melt, and from melt and
rainfall runoff infiltration from bedrock headwaters (Figure 5). Climatic, geomorphic,
and oceanographic characteristics vary considerably over the expansive coastline of
the GoA. For the purposes of this study, we further separate the GoA into five
geographic subregions (Figure 6) that are similar to those outlined by previous studies
(Neal et al., 2010). From east to west, the subregions are Southeast, Central Coast,
Prince William Sound, Cook Inlet, and Kodiak Island/Shelikof. We use a GIS to
extract coastal catchment characteristics by these subregions. We use the 2001
National Land Cover Database (Fry et al., 2011) for coastal catchment land cover and
the Randolph Glacier Inventory (Pfeffer et al., 2014) to calculate the proportion of
glacierized surfaces. Geospatial analyses are performed in the ESRI ArcPy/ArcGIS
environment using custom-made scripts and standard GIS techniques.
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Figure 6. Map of the study domain separated into five geographic subregions
within the Gulf of Alaska drainage basin. Glacier cover (Pfeffer et al., 2014),
hillshaded topography, and major streams are provided.

2.2.3 Calculating Historical CGD
Discharge outlets from the GoA RM are summed by water year (Sept. 1st-Aug
31st) before being extracted by catchment size and geology in a geographical
information system. GoA RM outlet cells that overlap Quaternary deposits are
extracted and watersheds with areas over 20 km2 are eliminated. We assume that the
modeled runoff results from the GoA RM in these locations occur entirely as CGD.
The remaining discharge locations act as the coastal catchments that supply CGD to
the GoA, which are further separated into the subregions discussed above. CGD and
coastal catchment area are grouped in 0.1° longitudinal bins and smoothed using a
23

rolling average over 1°of longitude to observe trends throughout the coastline. The
nonparametric Mann-Kendall trend test is applied to both the total yearly freshwater
discharge and the total yearly CGD to detect significant trends over the 35-year time
series.

2.3 Results and Discussion
Along the coastal margin of the GoA, 2,966 coastal catchments
discharging from Quaternary sediments generate a mean coastal groundwater flux of
20.8 km3/yr (Figure 7). This is 2.8% of the total freshwater discharge (FWD) to the
GoA provided by Beamer et al. (2016). This estimate does not include coastal
catchments discharging directly from bedrock, which could contribute additional mass
to this flux, particularly in areas of high-density bedrock fractures that are inherent to
this region. Integrated over the 29,828 km coastline, the total contributing recharge
area of these coastal catchments is 10,625 km2, or 2.5% of the drainage basin.
Discharge through Quaternary sediments occurs along 21.6% of this predominately
rocky coastline. CGD is variable throughout the region as it depends on the
availability of both water and unconsolidated deposits. Peak discharge occurs along
the Central Coast and northwestern portion of the Southeast subregions, and generally
decreases from east to west. The lowest subregional specific discharge occurs in the
Cook Inlet, while the highest specific discharge occurs along the Central Coast
(Figure 7). This correlates with regional precipitation patterns (Beamer et al., 2016)
and the location of water stored as ice (Pfeffer et al., 2014). The presence of
Quaternary deposits follows the opposite trend, reaching a broad peak in the western
reaches of the region and generally decreasing to the east except for several dense
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clusters that appear in protected coves.

Figure 7. Map of mean annual coastal groundwater discharge along the Gulf of
Alaska coastline. Coastal catchment discharge and area are plotted as a function
of longitude along the top of the map. Inset maps correspond to the subregions
with the lowest (left) and highest (right) specific discharge.
Coastal catchments have a moderately steep gradient, with a regional mean of
0.08 m/m (Table 1). The water table in these thick deposits likely mimics the
topography in this environment (Cuthbert et al., 2019), and these gradients drive
groundwater efficiently through the system. The Southeast and Central Coast
subregions have the steepest and shallowest gradients, respectively. The landcover of
coastal catchments in the GoA have roughly equal proportions of forest and
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grass/shrub (Table 1), with the remaining land area (10%) largely occupied by
expressions of the water table as wetlands. Glaciers occupy an average of 2.3% of the
recharge areas of catchments, predominately appearing in the northcentral GoA from
the Prince William Sound to northern edge of the southeastern panhandle. We do not
find any significant correlations between subregional landcover or spatial
characteristics and mean annual CGD rates. CGD from coastal unconfined aquifers of
the GoA appears to be primarily driven by water availability, which follows a
generally decreasing trend from east to west (O’Neel et al., 2015).

Total modeled annual FWD to the GoA has fluctuated considerably over the
35-year period, reaching a minima and maxima during water years (Sept. 1st-Aug.
31st) 1982 and 2005, respectively (Figure 8). High and low CGD years generally
coincide with the total FWD annual variability, although peak yearly CGD flux
occurs in 2014. Although large-scale climate indices, such as the El Nino-Southern
Oscillation (ENSO; Wolter and Timlin, 2011) and the Pacific Decadal Oscillation
(PDO), are not entirely accountable for the variability in the discharge signal, high
and low precipitation years typically coincide with positive phase years for ENSO and
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PDO indices (Barlow et al., 2001; Curtis and Adler, 2003). Total annual FWD to the
GoA has been increasing by 0.2%/year, or 1.5 km3 yr−1, from 1979 to 2014 as
revealed through a Mann-Kendall test to the data with a p-value of 0.09. Likewise, an
increase is observed in estimated annual CGD, where a Mann-Kendall test with a pvalue of 0.03 exposes a 17.5% increase over the same period. As intensification in the
hydrologic regime of the GoA occurs, CGD through these small coastal catchments is
increasing at a rate 2.5 times faster than the total FWD from the region. Persistent
glacier mass loss is expected to continue this increasing trend in regional FWD until
the latter half of the century (Huss and Hock, 2018; Young et al., 2020). Our findings

Figure 8. Multidecadal trends in yearly modeled freshwater discharge and
coastal groundwater discharge. (a) yearly totals of modeled freshwater
discharge (Beamer et al., 2016) summed by water year (Sept. 1st-Aug. 31st). A
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Thiel-Sen slope estimator is plotted to display the positive correlation exhibited
during the period of study (Tamborski et al., 2015); (b) yearly totals of fresh
coastal groundwater discharge (CGD) summed by water year and plotted with
a Thiel-Sen slope estimator to show the substantial increase over the 35-year
period; (c) CGD flux broken down by subregions within the Gulf of Alaska.
Subregions, ordered from west to east, are Kodiak Island/Shelikof (KIS), Cook
Inlet (CI), Prince William Sound (PWS), Central Coast (CC), and Southeast
(SE).
suggest that the minimally glaciated coastal catchments of the GoA are also
experiencing substantial hydrological perturbations. As the region becomes warmer
and wetter (McAfee et al., 2013, 2014), coastal unconfined aquifers may be
disproportionately affected. Considering the high nutrient and solute flux associated
with CGD, this has broad implications for the GoA coastal margin and the
communities, ecosystems, and economies that depend on them. Future research
should be guided to establish environmental monitoring to measure the physical and
geochemical fluxes of these rarely monitored systems.
Coastal catchments along the GoA margins are ordered from smallest to
largest to assess the relative contribution of CGD based on contributing area. We
calculate cumulative discharge and area normalized by the total discharge and area,
respectively (Figure 9). Coastal catchments are grouped by ranges in coastal
catchment area, each represented by a different color. Catchments with areas less
than 5 km2, represented by the red line, contribute 48% of the total CGD to the
GoA. Catchments with areas between 16 km2 and 20 km2 provide the smallest
contributing fraction of CGD at 13% of the total. This follows the general trend for
the entire GoA domain as observed by Beamer et al. (2016). These results highlight
the smallest coastal catchments as the dominant drivers of CGD to the GoA, with
implications on their importance to regional geochemical cycling.
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Figure 9. Plot showing the distribution of coastal groundwater discharge by
coastal catchment area ordered from smallest to largest. Line segment colors
correspond to a 5 km2 range of contributing recharge area, normalized by the
total area of coastal catchments (10,625 km2), plotted against cumulative sum
of discharge volume, normalized by the total coastal groundwater discharge
volume. Shaded grey areas separate the grouped catchments to distinguish
relative contributions, and a 1:1 line is provided.

The simple conceptualization we provide considers CGD flux solely
through the highly conductive, pro-glacial material framing the GoA where the
hydraulic conductivity of the surface greatly exceeds recharge rates. This may
underestimate CGD substantially for the region. Geologic mapping in the region has
highlighted abundant brittle faults, likely enhanced by rapid isostatic depression and
rebound from multiple glaciations (Bradley and Kusky, 1990; Larsen et al., 2005).
These may provide efficient conduits for groundwater to flow through bedrock
catchments that discharge to the coast which are omitted in this study. Recharge is
assumed to only occur within the topographically defined boundaries of the coastal
catchments and does not consider interbasin flow from adjacent watersheds. The
large glacial outwash plains and deltas of the GoA coincide with larger streams that
transport and deposit sediment at the coast, with adjacent coastal catchments that
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lack streams on either side. Interbasin flow through these high permeability
materials is likely, though limited research has taken place to determine the
magnitude of this flux. Mackay et al. (2020) estimated a meltwater river to
contribute 13-17% of total aquifer recharge in a proglacial groundwater catchment.
Concentrated infiltration has also been observed elsewhere as an important agent of
groundwater recharge, especially amidst losing reaches of a stream (O´Dochartaigh
et al., 2019; Somers & McKenzie, 2020). Further, groundwater flow likely occurs
through the full thickness of the surficial materials in watersheds occupied by
streams. CGD is likely amplified in these environments, where groundwater
discharges parallel to the mouths of rivers at the coast. In geologic analogues,
groundwater flow through a proglacial aquifer is estimated to be 9.8% of mean
annual river flow if the full thickness is considered (O´Dochartaigh et al., 2019).
This not only has implications on CGD flux but has likely led to a vast
underestimation of the total freshwater delivered to the GoA. Phelan Creek, one of
the sites used for calibration in the GoA RM, was recently observed to lose
potentially half of its annual streamflow to groundwater (Liljedahl et al., 2017). Like
Phelan Creek, many gauging sites in this region are located on thick, extensively
filled valleys where subsurface flow is not measured.

2.4 Conclusions
This study is the first to partition a high-resolution spatially distributed
estimate of groundwater discharge to the Gulf of Alaska. We determined that CGD
along this coast is significant, contributing an average a 2.8% of the total annual
freshwater flux. The regional distribution of CGD is largely dependent on coastal
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precipitation patterns and locations where sediment deposition from glacial outwash
occurs. There has been notable annual variability over the past several decades, with
a steady rise of 2.5% yr−1 in discharge since 1979. Concentrated discharge is
observed in the Central Coast and northwestern portions of the Southeast. This
information can be used to inform new science and guide future field studies to
assess local distributions and associated nutrient and solute fluxes, as these studies
are currently severely limited in the region. CGD is a flux that is highly variable and
difficult to measure but very important from a water resources and coastal ecology
perspective. Our partitioning of an existing hydrologic model based on geologic
setting is especially relevant to identify where future studies should take place.
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CHAPTER 3
AQUIFER GEOMETRIES AND HYDROFACIES OF COASTAL CATCHMENTS
IN KACHEMAK BAY, AK

3.1 Estimating Surficial Aquifer Thickness Using Artificial Neural Networks
3.1.1 Introduction
Determining an aquifer’s geometry and extent is essential to accurately assess
watershed scale groundwater flow and discharge patterns. However, collecting the
information necessary to describe these foundational parameters can be costly in time and
resources. This limits hydrogeologic assessment in locations with sparse subsurface
geologic data. Measuring sediment thicknesses directly typically requires complex
geophysical techniques or expensive infrastructure that are not readily available for every
site, particularly when study areas are remote and difficult to access. Further, geophysical
tools are restricted by the quantity of measurements made, and interpolation is a
necessary component to complete surveys over large areas. Deducing thicknesses
indirectly via methods such as hillslope projections (Hinderer, 2001) or sloping local
base-level (Jaboyedoff and Derron, 2005) are subject to non-objective decision making
and a number of assumptions.
The development and advancement of machine learning techniques has provided
an alternative approach for inferring sediment thicknesses without direct measurements.
Artificial neural networks (ANN) have recently been validated as a reliable method to
estimate volumes of surficial material and bedrock topography (Clarke et al., 2009; Mey
et al., 2015). ANNs are mathematical models that use training data to learn and recognize
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patterns to approximate a desired output. Inspired by biological brains, ANNs are
composed of nodes connected by edges that transmit signals between each other. Input
data are sent through a function in a hidden node layer that estimates the output to a
predetermined accuracy (Hornik et al., 1989). This research draws upon previous studies
that use a hyperbolic tangent function in a hidden node layer and a linear activation
function in the output layer (Bishop, 1995; Mey et al., 2015). See Mey et al. (2015) for a
full description of the model set-up used here.
In this study, I apply an ANN to estimate the sediment fill thicknesses of remote
proglacial valleys and outwash plains in Kachemak Bay, AK. The Wosnesenski
Watershed, located within the Kenai Mountains on the southwestern edge of Kachemak
Bay, is the coastal sedimentary basin that provides an example to this approach (Figure
10). The Wosnesenski Watershed is the focus of active research in Kachemak Bay. Due
to its remote location and undeveloped terrain, subsurface data for the study area has yet
to be acquired. Without data traditional used in hydrogeologic modeling, such as
sediment core logs, monitoring wells, or geophysical surveys, this site solely relies on
geologic maps, remotely sensed data, and knowledge of the area’s geologic history
(Heinz and Aigner, 2003).

33

Alaska

Figure 10. Location map of the Wosnesenski watershed.

3.1.2 Methods and Results
Before applying the ANN to the study site, elevation cross-sections derived from
a 5-meter digital elevation model (DEM) of the area were created in a GIS to obtain an
initial estimate of sediment thicknesses within the Wosnesenski River valley (Figure 11).
This is performed by projecting adjacent bedrock hillslopes beneath the surface. The
point of intersection with the projected hillslope on the opposite side of the valley is used
as a proxy for the possible sediment thickness. Using this approach, sediment thickness is
observed to increase as profiles moved down the valley towards the coast, reaching a
maxima of over 500 meters in depth below the ground surface (Figure 12). These results
allow for comparison with results derived using an ANN.
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Figure 11. (a) Surficial geology of the Wosnesenski Watershed and adjacent coastal
catchments. Locations of cross-sectional profiles are given as numbered black lines (b)
cross-sectional profiles of the Wosnesenski Watershed used to connect the slopes of
opposing hills and estimate maximum bedrock depths underlying the valley fill.

Following methods provided by Clarke et al. (2009) and Mey et al. (2015),
surface elevations and a mask of the valley fill are the sole input data necessary to train
the ANN to approximate the geometry of the fill. I use the 30-meter resolution ALOS
Global Digital Surface Model to generate the large number of training cells required for
this process (Takaku et al., 2014). Unconsolidated Quaternary deposits are extracted from
a digital geologic map of the Kenai Peninsula Region (Wilson and Labay, 2016). The
input data are projected to UTM coordinates and clipped to the extent of the Wosnesenski
Watershed. Geospatial analyses were performed in the ESRI ArcGIS environment using
standard GIS techniques. Following test validation efforts performed by Mey et al.
(2015), 10% of the input elevation training cells are used for a network containing 16
hidden node layers. An angular sector mask is applied to calculate the distance from the
valley fill to the nearest hillslope for 19 different directions at each elevation training cell.
The MATLAB script used to generate the thickness output is provided by Mey et al.
(2015).
The valley and outwash plain thickness map generated by the ANN model
estimates a mean sediment thickness of 198 meters within the Wosnesenski watershed.
Minimum thicknesses are observed in narrow headwaters proximal to the current margins
of glaciers encompassed within the contributing area. A maximum thickness of 977
meters occurs in the glaci-fluvial outwash plain near the coastline. The total fill of the
valley is estimated to contain 14.2 km3 of unconsolidated material. DEMs are confined to
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terrestrial bounds, resulting in edge artifacts that occur near the coastal margin of the
watershed seen in decreasing sediment thicknesses towards the coast from observed
maxima. These artifacts are manually corrected in an ESRI ArcMap environment by
applying the maximum thickness value to all the cells that decrease towards the edge of
the watershed (Figure 12). This is likely a better approximation than before the correction
but is subject to a great deal of uncertainty of sediment thicknesses near the coast.
Bedrock elevations beneath the sediment fill are then generated from the corrected
thickness map. The bedrock surface and sediment surface are filled to build a 3D object
representing the geometry of the surficial aquifer using ArcScene (Figure 13) that may be
the foundational geometry for subsequent hydrogeologic investigations.

Figure 12. (a) Sediment thickness map of the Wosnesenski watershed generated
using an artificial neural network (b) sediment thickness map corrected for a
artifacts that occur near the ocean boundary.
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Figure 13. 3D geometry of the Wosnesenski watershed generated from the sediment
thickness map in ArcScene.

3.2 A Depositional Model for Various Morphological Settings in Kachemak Bay
Describing subsurface heterogeneity is also essential to accurately assess
groundwater flow processes and patterns. To connect the dots between sedimentary
properties and aquifer dynamics in locations where subsurface data is difficult to obtain,
analogous study sites may be combined with geologic history and remote sensing
techniques to qualitatively describe the possible patterns of fluid flow based on likely
hydrostratigraphic facies and observations of surface geomorphology. Lacking traditional
data used in hydrogeologic modeling, geologic maps, remotely sensed data, and a
thorough understanding of the area’s geologic history are enlisted instead (Heinz and
Aigner, 2003).This section highlights likely hydrostratigraphic facies at various settings
within the surficial unconfined aquifers of Kachemak Bay, AK. A consequence of
Kachemak Bay’s location on an active tectonic, coastal margin with an intense glacial
and seismic history is the difficulty in deducing the depositional facies that lie within the
steep valley walls and outwash plains.
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The development of a viable sedimentary model is necessary to incorporate into
future numerical flow models. To simplify this depositional model, surficial aquifers of
Kachemak Bay are assumed to be composed entirely of Quaternary sediments deposited
since the LGM. This is a reasonable assumption in some areas of the GoA where surficial
deposits have been observed to be dominantly sediments younger than the LGM
(Schmoll et al., 1999). It is also necessary to know the depositional environments at
different locations within the surficial units. This means that sea-level, isostacy,
subsidence, and depositional rates since the LGM must all be considered. Research
performed in analogous regions can be applied to sites in remote areas with similar
glacial depositional history where sub-surficial data is not readily available. This
depositional model follows the transgressive model of fjord-valley fill provided by
Corner (2011). Three generalized hydrostratigraphic sequences are used based on
topographic location determined using a combination of surficial geologic maps and
digital elevation models (Figure 14).
When designing an aquifer, it may be best to keep the design simple by creating a
glacially streamlined hydrostatigraphy of relatively uniform thicknesses of various units.
A collection of hydraulic conductivity values previously measured via multiple methods
are provided in Table 1 and are intended for use in subsequent watershed-scale numerical
flow models. There are several caveats to consider when applying hydraulic conductivity
values to layers within a model. Many studies have observed that in-situ measurements of
bulk hydraulic conductivities may be orders of magnitude greater than measurements
from lab analysis of sediment samples (Grisak and Cherry, 1975; Ferris et al., 2020).
Observed zones of oxidation and fracturing up to several meters thick may be responsible
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for the increased bulk hydraulic conductivity, with depth-fracture relationships also
playing a key role (Ferris et al., 2020). Patterns of variability have been found to be
remarkably consistent at regional scales of tens to hundreds of kilometers (Ferris et al.,
2020). Hydraulic conductivity measurements also depended heavily on the scale of study
(Boschan and Nœtinger, 2012). In Alaska, flow till, sediment flow deposits from glacial
margins, in the Matanuska Valley account for 50%-75% of material volume at glacial
margins and were observed to move distances of around 300 m over the course of a
month (Lawson, 1982).
A preliminary depositional model is given in Figure 14. Unique sequences are
given for outwash plains proximal to the coast, glaci-fluvial deposits within steep valley
walls, and the valley margins. These stratigraphic columns are meant to be built upon and
validated in the field if heterogeneity is applied in future groundwater studies of the area.
This hydrostratigraphy can then be incorporated into the surficial aquifer geometries
estimated in Chapter 3.1 to establish a possible domain for a groundwater flow model
(Figure 14). Inevitably, the geomorphology in this complex proglacial environment
forces a great deal of speculation, particularly when appropriate data is lacking. Are
glacial or fluvial processes more important in proglacial depositional environments as
glaciers advance and retreat cyclically? Do periglacial or paraglacial processes hold
significant importance when modeling at the basin scale? There are many questions yet to
have definitive answers.
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Figure 14. Depositional model describing likely hydrofacies of three morphological
environments.

Table 2. Hydraulic conductivity values for various pro-glacial depositional facies.
Hydro
Facies
Glaciomarine

Description

K (m/s)

massive silt
Clay, silts and sandy silts

1.0 x 10-8
1.0 x 10-6

Delta

Poorly sorted, matrix
supported gravel

1.0 x 10-8
6.5 x 10-2

0.17
0.23

Alternating gravel

4.3 x 10-5
2.1 x 10-2

0.22
0.18

(1)(2)
(8)

Well sorted gravel
(and coarse sand)

2.3 x 10-3
1.0 x 10-2.9

0.27

(1)
(9)

Pure, well sorted sand

1.4 x 10-4
1.0 x 10-4
1.0 x 10-4

0.36
0.36

Cobble-rich
River Channel (avg)

1.3 x 10-4
5.0 x 10-4

0.15

Glacio fluvial
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n

Test Type
Calibrated slug test

Sourc
e
(3)
(9)

Field-flowmeter

(1)
(8)

Calibrated slug test
Field-flowmeter
Calibrated slug test

(1)
(8)
(9)
(1)
(6)

Lodgement
till

2.0 x 10-9
7.0 x 10-11
1.41 x 10-10
1.5 x 10-5

In-situ
Lab
In-Situ
Multiple (avg)

(4)
(4)
(5)
(10)

Alluvial
Cone

6.5 x 10-4
7.5 x 10-6

Field-saturated
Ksat (NRCS)

(6)
(7)

Talus Cone

2.3 x 10-3

Field-saturated

(6)

Outwash

1.3 x 10-4

Field-saturated

(6)

(1) Heinz and Aigner, (2003) (2) Bayer et al. (2011) (3) Berseziodal et al., 1998, (4) Ferris et al. (2020)
(5) Grisak and Cherry (1975b) (6) King et al. (2019) (7) NCRS, 2018, (8) Kostic et al. (2005) (9) Oellon,
2008, (10) Ronayne et al. (2012)
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APPENDIX A
MASS COASTAL CATCHMENT DELINEATION AT A REGIONAL SCALE

Literature concerning the delineation of a great number of watersheds at a
regional scale is limited. In Chapter 2 of this thesis, 2,966 coastal catchments are isolated
from a basin with a total contributing watershed area of over 420,000 km2. The required
input data and processes needed to isolate coastal catchments are provided below. All
processes are performed in ArcGIS Pro using standard GIS techniques. Figure A-1
provides a process diagram that illustrates the workflow required for the creation of a
coastal catchment layer. Figure A-2 provides a process diagram to extract land
characteristic and spatial attributes after a watershed layer is obtained. Blue ovals indicate
external data used as inputs for the process, green ovals indicate output layers, and
rectangles represent processes or manipulations.
To begin our coastal catchment delineation, we use the 1x1 km resolution USGS
Hydro1K North America digital elevation model (DEM, https://earthexplorer.gov/). First,
ocean cell values are changed to zero using the Raster Calculator. The DEM is then filled
using the Fill tool in the Watershed Toolbox. Ocean cells are removed using the Set Null
function in the Raster Calculator, leaving a DEM for land surfaces only. Flow Direction
and Flow Accumulation rasters are created for the entire domain using the Watershed
Toolbox. Cells that have a Flow Accumulation value of less than 20 contributing cells are
removed to create the stream network. The stream network is grouped using the Region
Group tool. The stream network is also combined with the Flow Accumulation network
to isolate cells with the maximum contributing area of each Region Group using the
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Zonal Statistics tool. These maximum flow cells are then used in a conditional statement
to generate the pour points for watersheds greater than our threshold of 20km2. These
watersheds are then used to set those areas as null in a land mask generated from the
DEM of the land surface.
To isolate coastal catchments that only drain from the thick unconfined surficial
aquifers of the region, Quaternary sediments from the Geologic Map of Alaska (Wilson
and Labay, 2016) are selected and exported into a new feature layer. This layer is used to
select coastal catchments from the previous step that fall within these layers using the
Extract by Mask tool and then transformed to polygon features using the Raster to
Polygon. Outlet points from the GoA runoff model are used to further select coastal
catchments. These outlets are once again snapped as pour points and the Watershed tool
is used to re-delineate the contributing area of our selected coastal catchments. We used
the Spatial Join tool to combine these new completed watersheds with values we use for
the recharge inputs and calculated the necessary fields for Table 1.
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Figure A-1. Flowchart illustrating the process of creating and isolating coastal
catchments within the Gulf of Alaska.
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Figure A-2. Flowchart illustrating the process of creating the various land characteristic
and spatial attributes provided in Table 1.
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